Sulfolobus solfataricus is a thermophilic archaebacterium able to grow at 87°C and pH 3.5 on glucose as sole carbon source. The organism metabolizes glucose by two main routes. The first route involves an ATP-dependent phosphorylation to give glucose 6-phosphate, which readily isomerizes to fructose 6-phosphate. In t-he second route, glucose is converted into gluconate by an NAD+-dependent dehydrogenation; gluconate is then dehydrated to 2-keto-3-deoxygluconate, which, in turn, is cleaved to pyruvate and glyceraldehyde. Each metabolic step has been tested in vitro at 70°C on dialysed homogenates or partially purified fractions; minimal requirements of single enzymes have been evaluated. Identification of the intermediates is based on chromatographic, spectroscopic and/or synthetic evidence and on specific enzymic assays. The oxidative breakdown of glucose to pyruvate occurring in S. solfataricus differs from the Entner-Doudoroff pattern in that there is an absence of any phosphorylation step.
The archaebacteria (Kandler, 1982) , comprising extreme halophilic, methanogenic and thermoacidophilic micro-organisms, represent a third line of living organisms in addition to the well-known eubacteria and eukaryotes. The three lines presumably stemmed from the ancient divergence of a putative progenote, and now archaebacteria appear to be as different from eubacteria as they are from eukaryotes. The ancient divergence of archaebacteria is reflected in the occurrence of unique features in their biochemical patterns, for example the lipid biosynthesis based on the formation of isoprenoidic ether molecules (Langwcorthy et al., 1982; De Rosa et al., 1983a,b) .
To throw some light on other fundamental biochemical patterns of archaebacteria, we studied glucose metabolism in the extreme thermoacidophilic archaebacterium Sulfolobus solfataricus, previously named Caldariella acidophila (De Rosa et al., 1975; Zillig et al., 1980) , which is able to grow on simple media with glucose as sole carbon source. A similar study has been carried out on Halobacterium saccharovorum (Tomlinson et al., 1974; Tomlinson & Hochstein, 1972 an extreme halophile recently recognized as an t To whom correspondence should be addressed.
archaebacterium (Langworthy et al., 1982) . In this halophile the main route for the pyruvate formation from glucose is through a modified EntnerDoudoroff pathway, in which the phosphorylation step follows the glucose oxidation, as already observed in few other micro-organisms (Szymona & Doudoroff, 1960 ; Kersters & De Ley, 1968 ; Andreesen & Gottschalk, 1969; Bender et al., 1971 ).
Our studies demonstrate that S. solfataricus metabolizes glucose through a further modification of the Entner-Doudoroff pathway, in which the phosphorylation step is omitted altogether. To Cell growth was quantified turbidimetrically at 540nm, an absorbance of 0.6 corresponding to 138mg of freeze-dried cells/l.
The glucose concentration during growth was tested enzymically by the glucose oxidase/peroxidase method (Bergmeyer & Bernt, 1974 
Affi-Gel Blue chromatography
Fractionation of certain enzymic activities was performed by chromatography of crude homogenate (0.5g of protein) on an Affi-Gel Blue column (1.5cm x 20cm) equilibrated with 20mM-triethanolamine/HCl buffer, pH 7.0, containing 20mM-MgCl2. After the column had been washed with the equilibration buffer to remove unadsorbed material, elution was carried out with 0.1 M-triethanolamine/HCl buffer, pH 8.6, containing 20mM-MgCl2, and then with a linear gradient formed by mixing 100 ml of the triethanolamine buffer, pH7.0, containing 0.2M-NaCl and 100ml of the same buffer containing 0.75M-NaCl. The fractions (3 ml), collected at a flow rate of 15 ml/h, were monitored for absorbance at 280nm and enzymic activities. Glucosephosphate isomerase, gluconate dehydratase and 2-keto-3-deoxygluconate aldolase were detected in the unadsorbed fraction, glucokinase was eluted with the pH8.6 washing and glucose dehydrogenase with the saline gradient.
Autoradiographic analysis ofproducts of the glucose metabolism Dialysed homogenate (4.6mg of protein) was added to NAD+ (3mmol) and 12iCi of [2,6-'4C]-glucose (5.5 mCi/mmol) and incubated in a sealed vial at 70°C. A control without homogenate was run in a parallel experiment. Samples (50il) were withdrawn at intervals; 1yl of each sample was monitored for radioactivity and the remainder (about 106 d.p.m.) was applied to a thin layer of silica gel. The plate was developed in butan-lol/acetic acid/water (3:1:1, by vol.), air-dried and then exposed for 70h to a Kodak X-Omat XRP-1 film. The radioactive spots were quantified by scraping the adsorbent out of the layer, suspending it in 5ml of Insta-gel containing Cab-O-Sil (Packard, Downers Grove, IL, U.S.A.) and counting the radioactivity on a liquid-scintillation system (PRIAS Tri-Carb; Packard) equipped with an absolute-radioactivity analyser. Isolation ofproducts of the glucose metabolism Glucose (10mmol) and NAD+ (lOmmol) were added to 100ml of dialysed homogenate (protein concentration 8 mg/ml) and the mixture was incubated at 70°C. Samples (1 ml) were withdrawn at various times and the glucose was assayed by the glucose oxidase/peroxidase method. When no more glucose was detected, the incubation mixture was deproteinized by ultrafiltration on an Amicon XM 10 (Amicon Corp., Danvers, MA, U.S.A.) membrane (nominal Mr cut-off 10000). The ultra-filtrate was dried under vacuum, dissolved in a few millilitres of water, mixed with 20g of silica gel, dried again and added to the top of a silica-gel column (5cm x 34cm) equilibrated with acetone. After the column had been washed with acetone, each product was eluted stepwise with the following acetone/water (v/v) mixtures: 99:1 (glyceraldehyde), 97:3 (pyruvate), 19:1 (2-keto-3-deoxygluconate), 4:1 (NADH) and 7:3 (gluconate). The products of the glucose metabolism were identified by silica-gel t.l.c. by comparison with authentic standards. After development with butan-l-ol/acetic acid/water (3:3:1, by vol.), the spots were revealed by spraying with ammoniacal AgNO3 and drying in oven at 100°C (Stahl & Kaltenbach, 1965) .
Synthesis and identification of 2-keto-3-deoxygluconic acid
The synthesis of 2-keto-3-deoxygluconic acid was performed from 2-deoxyribose by the procedure described by Weissbach & Hurwitz (1959) . The synthetic product was purified on a silica-gel column (5cm x 30cm) eluted with a linear gradient of water in acetone from 0 to 10% (v/v). T.l.c. on silica-gel plates of the purified product in propan-I-ol/conc. NH3/0.2% disodium EDTA (6:3 :1, by vol.) gave the RF and the colour reaction reported by Kersters & De Ley (1968) for 3-deoxy-2-ketogluconic acid.
The 2-keto-3-deoxygluconic acid (50mg) was acetylated with acetic anhydride (5ml) and pyridine (0.5ml) at reflux for 10min. in a reaction mixture (1 ml) that contained: lOOmM-triethanolamine/HCl buffer, pH 9.0, 5 mm-NAD+, 40mM-glucose, 20mM-MgCl2 and dialysed homogenate.
Gluconate dehydratase (EC 4.2.1.39) activity was determined at 70°C in a reaction mixture (0.2ml) containing dialysed homogenate, 4mM-gluconate and 50mM-triethanolamine/HCl buffer, pH 7.0; after cooling, the concentration of 2-keto-3-deoxygluconate was measured as described by Weissbach & Hurwitz (1959) .
2-Keto-3-deoxygluconate aldolase activity was determined by incubating at 70°C, in 0.2ml, lOOmM-2-keto-3-deoxygluconate, dialysed homogenate and 50mM-triethanolamine/HCl buffer, pH 7.0; the pyruvate and the glyceraldehyde formed were measured at 25°C by using lactate dehydrogenase (Kornberg, 1955) and alcohol dehydrogenase (Racker, 1957) respectively. Glucokinase (EC 2.7.1.2) activity was assayed by incubating at 70°C, in 0.5ml, dialysed homogenate, 20mM-glucose, 1mM-ATP, lOmM-MgCl2 and 50mM-triethanolamine/HCl buffer, pH7.0; the amount of glucose 6-phosphate produced was determined at 25°C by using glucose-6-phosphate dehydrogenase (Horecker & Wood, 1957) . Glyceraldehyde kinase activity was measured in a similar way by using glyceraldehyde-3-phosphate dehydrogenase (Racker, 1957) . The ATP-dependent kinase activities were also monitored at 70°C in a reaction mixture (2ml) containing 10mM-glucose, -fructose or -glyceraldehyde, dialysed homogenate, 1 mM-ATP, lOmM-MgCl2 and 50mM-triethanolamine/HCl buffer, pH7.0; the ADP formed was determined at 25°C by using pyruvate kinase and lactate dehydrogenase as described by Jaworek et al. (1974) .
Glucosephosphate isomerase (EC 5.3.1.9) activity was assayed by incubating at 70°C, in 1 ml, dialysed homogenate and 50mM-triethanolamine/ HCI buffer, pH7.0, with either 2mM-glucose 6-phosphate or -fructose 6-phosphate; after cooling, fructose 6-phosphate was determined by the cysteine/carbazole reaction (Ashwell, 1957) and glucose 6-phosphate by using glucose-6-phosphate dehydrogenase.
Phosphatase activity was determined at 70°C in a reaction mixture (1.2ml) containing dialysed homogenate, 5mm-p-nitrophenyl phosphate and 50mM-triethanolamine/HCl buffer, pH7.0; after addition of 0.1 M-NaOH (2ml), the p-nitrophenate formed was measured at 420nm.
Results

Growth of the micro-organism
In standard growth conditions (yeast extract plus mineral salts) the doubling time of Sulfolobus solfataricus was about 5 h. The amount of nutrient, measured as detectable proteins in the culture broth, was decreased to 27% of the initial value after about 40h. In a defined medium, when glucose was the sole carbon source, the doubling time increased to about 9 h; in these conditions the glucose was completely utilized in about 70h. [2,6-'4C] glucose (I2pCi, 5.5mCi/mmol) were incubated in a sealed vial at 70°C. Samples (50pl; about 106d.p.m.) were withdrawn at the indicated times and applied on to a analytical silica-gel plate. The chromatogram was developed in butan-l-ol/acetic acid/water (3:1:1, by vol.), air-dried and exposed for 70h to a Kodak XOmat XRP-1 film. The standard mixture was obtained by incubating for 60min at 70°C in 1 ml of 20mM-triethanolamine/HCI buffer, pH7.0, 10mg each of glucose, gluconate, 2-keto-3-deoxygluconate, pyruvate and glyceraldehyde; spots were revealed by spraying with ammoniacal AgNO3 and drying in an oven at 100°C. Spots 1-6 are: glyceraldehyde (1 and 2), pyruvate (3), glucose (4), 2-keto-3-deoxygluconate (5) and gluconate (6). S and F indicate sample application point and solvent front respectively. fact, when the pure compound was kept for 60min at 70°C, a new spot (RF 0.5, corresponding to spot 2 on Fig. 1 ) appeared in addition to that of glyceraldehyde (RF 0.66, corresponding to spot 1 of Fig.  1 ). As shown in Fig. 2 Fig. 1 shows the autoradiography of a typical thin layer; the spots were identified, by comparison with standards, as glucose, gluconic acid, 2-keto-3-deoxygluconic acid, pyruvic acid and glyceraldehyde. It has to be noted that the glyceraldehyde was not stable in the incubation conditions used; in Identification ofthe products ofthe NAD+-dependent glucose metabolism
The products of the NAD+-dependent glucose degradation by S. solfataricus dialysed homogenate were separated by chromatography on a silica-gel column and identified by t.l.c., instrumental and/or enzymic analyses.
Gluconic acid was identified as the penta-acetyl methyl ester derivative by g.l.c. by using the procedure of Hochstein et al. (1976) ; pyruvic acid and glyceraldehyde were identified enzymically by NADH oxidation in the presence of lactate dehydrogenase and alcohol dehydrogenase respectively, and spectroscopically by 1H n.m.r. The 2-keto-3-deoxygluconic acid obtained by chemical synthesis and that produced by enzymic degradation of glucose were compared by 1H-n.m.r. spectroscopy. N.m.r. spectra of the two products were identical but highly complex because of the presence, in the aqueous solution, of an equilibrium among different forms. After acetylation, both products gave two main derivatives, whose structures and n.m.r. data are reported in Fig. 3 
Dehydration of gluconate
At 70°C dialysed homogenates of S. solfataricus converted gluconate into 2-keto-3-deoxygluconate at an initial rate of 74nmol/min per mg of protein.
The gluconate dehydration rate increased in the presence of Mg2+, but was insensitive to the presence of Fe2+ and ATP. These results indicated that the dehydration reaction did not occur through the formation of phosphorylated intermediates and that the S. solfataricus gluconate dehydratase differed from the enzyme of other prokaryotes, which requires Fe2+ ions for full activity (Gottschalk & Bender, 1982) .
2-Keto-3-deoxygluconate cleavage
At 70°C dialysed homogenates of S. solfataricus cleaved 2-keto-3-deoxygluconate to pyruvate and glyceraldehyde. As observed by enzymic assay, the amounts of pyruvate formed were stoichiometrically equivalent to those of 2-keto-3-deoxygluconate converted, whereas the amounts of glyceraldehyde were constantly higher than the expected value of about 150%. These conflicting results suggested that the compound arising from the thermal degradation of glyceraldehyde (see Fig. 1 ) was reduced by alcohol dehydrogenase faster than was the parent compound. Support to this hypothesis was obtained by measuring the glyceraldehyde concentrations of standard solutions freshly prepared or kept at 70°C for different times. Because of the thermal instability of the aldehyde, the 2-keto-3-deoxygluconate degradation was then followed by measuring the pyruvate produced. The initial rate of pyruvate formation (1 Onmol/min per mg of protein) was not significantly affected by the presence of Mg2+, Mn24 or ATP. Pyruvate and glyceraldehyde were also formed when homogenates were incubated at 70°C with gluconate or glucose; in the latter case, the presence of NAD+ was necessary for the degradation to occur (Table 1) . Conversely, low concentrations of pyruvate were detected during incubation of homogenates with glucose 6-phosphate and 6-phosphogluconate (Table 1) ; in these cases, also, the pyruvate could be derived from the breakdown of the dephosphorylated products regenerated in the incubation mixture by a phosphatase activity. ATP-dependent glucose metabolism Dialysed homogenates of S. solfataricus were able to promote at 70°C, in the presence of ATP and Mg2+, glucose phosphorylation to glucose 6-phosphate at an initial rate of 8 nmol/min per mg of protein. When 2mM-glucose 6-phosphate was incubated at 70°C with dialysed homogenate of S. solfataricus, the carbohydrate concentration decreased at an initial rate of 250nmol/min per mg of protein; that rate was lowered to about one-third in the presence of 0.1 M-Mn2+. The metabolism of glucose 6-phosphate did not require the presence of either Mg2+ ions or nicotinamide coenzymes, thus suggesting the absence of a glucose-6-phosphate dehydrogenase activity. Glucose 6-phosphate consumption paralleled the production of a carbazolesensitive compound that, by silica-gel t.l.c. against standard (Bancher & Washuttl, 1967) , appeared to be fructose 6-phosphate. The protein) and 5OmM-triethanolamine/HCl buffer, pH 7.0, were incubated at 70°C with the components indicated. After 15min, the incubation mixture (0.2ml) was cooled and the pyruvate was determined at 25°C by using lactate dehydrogenase. For comparative purposes, in this experiment all the putative pyruvate precursors were used at the same concentration. Addition 50 mM-Glucose + 5 mM-NAD I 50mM-Glucose + 5mM-NAD+ + 20mM-MgCl2 50mM-Glucose + 5mM-NAD+ + 20mM-MgCl2 +1 mM-ATP 50mM-Glucose 6-phosphate + 5mM-NAD+ 50mM-Glucose 6-phosphate + 5mM-NAD+ + 20mM-MgCl2 50mM-Glucose 6-phosphate + 5 mM-NADP+ + 20mM-MgCl2 50mM-Gluconic acid 50mM-Gluconic acid + 20mM-MgC12 50mM-6-Phosphogluconic acid 50mM--Phosphogluconic acid + 20mM-MgCl2 50mm-2-Keto-3-deoxygluconic acid 50mM-2-Keto-3-deoxygluconic acid + 20mM-MgCl2 50mM-2-Keto-3-deoxygluconic acid + 20mM-MgC12 + 1 mM-ATP The second route of glucose metabolism involves, as its first step, its NAD+-dependent dehydrogenation to gluconate (Scheme 1, IV); this is then dehydrated to 2-keto-3-deoxygluconate (Scheme 1, V), which, in turn, is cleaved to pyruvate and glyceraldehyde (Scheme 1, VI). As the aldolase is saturated by high substrate concentrations, the 2-keto-3-deoxygluconate cleavage may represent the rate-limiting step of conversion of glucose into pyruvate in vivo. The unique feature of the oxidative breakdown of glucose to pyruvate is the absence of any phosphorylation reaction; in this aspect this pattern differs from both the conventional Entner-Doudoroff pathway, in which oxidation occurs on glucose 6-phosphate, and the modified one discovered in the extreme halophilic archaebacterium Halobacterium saccharovorum, which requires phosphorylation at the level of 2-keto-3-deoxygluconate (Tomlinson et al., 1974; Tomlinson & Hochstein, 1972 
